INTRODUCTION
Primary cilia are tiny, hair-like sensory organelles projecting from the apical surface of most cells. Bardet -Biedl syndrome (BBS) is a genetically heterogeneous recessive disorder of the primary cilia. BBS is primarily characterized by obesity, retinal degeneration, cognitive impairment, polydactyly, hypogonadism and renal dysfunction including renal cysts (1) . Although 19 BBS genes have been identified to date, the precise cellular functions of these BBS proteins are not fully understood. It was reported that some BBS proteins are involved in intracellular transport (2, 3) and intraflagellar transport (4) . Biochemical studies discovered the BBSome, a protein complex assembled by seven of the BBS proteins including BBS1, 2, 4, 5, 7, 8 and 9 (5) . The BBSome localizes and functions at the basal body or ciliary axoneme and interacts with the Rab8
GTPase-exchanging factor, Rabin8, facilitating Rab8 entry into the primary cilia in a BBS3(Arl6)-GTP-dependent manner. This process regulates the ciliary entry of signaling molecules (6, 7) and is shown critical for ciliogenesis (8) . In addition to protein ciliary entry, BBSome also controls the flagellar exit of signaling proteins such as phospholipase D Type c in Chlamydomonas reinhardtii (9) .
Autosomal dominant polycystic kidney disease (ADPKD) (10), affecting over 12 million people worldwide, is characterized by progressive development of epithelial-lined and fluidfilled cysts in various kidney tubular segments (11) . Cystic liver and pancreas are also seen. Mutations in two genes PKD1 (12, 13) and PKD2 (14) , respectively encoding polycystin-1 (PC1) and polycystin-2 (PC2), account for 85 and 15% of ADPKD cases. To date, PC1 and PC2 have been implicated in modulating a number of cellular events such as Ca 2+ signaling * To whom correspondence should be addressed at: Harvard Institutes of Medicine, Room 522, 4 Blackfan Circle, Boston, MA 02115, USA. Tel: +1 6175255860; Fax: +1 6175255830; Email: zhou@rics.bwh.harvard.edu (15, 16) , JAK-STAT (17) , mTOR (18) , cyclic AMP (19) , canonical Wnt (20) , Id2 (21) , planar cell polarity (22) , cMET (23) , STAT3 (24) , PI3/Akt (25) , Jade-1 (26) , G protein-coupled receptor (GPCR) (27) , epidermal growth factor receptor (28, 29) , as well as the localization and activity of cystic fibrosis transmembrane conductance regulator (CFTR) (30, 31) . How the polycystins modulate these pathways remains elusive. Although PC1 and PC2 have been reported to localize to multiple subcellular sites (15, (32) (33) (34) , the primary cilium has been implicated as a key organelle for polycystin function and the pathogenesis of ADPKD (15, 35) . PC1 and PC2 form a receptor-channel complex at the primary cilium and their role in transducing the extracellular fluid flow shear stress into a Ca 2+ signal at this site may be a primary defect in ADPKD (10) . A chemosensory role has also been proposed for PC1 and PC2 (36) . Elucidation of the polycystin interaction network is one way to pinpoint the proximal events in the complex biochemical networks of polycystins and to facilitate the rational design and evaluation of therapeutics for ADPKD.
Through an unbiased screen using PC1 C-terminal tail as a bait, we identified BBS8, a component of the BBSome to physically interact with ADPKD. By establishing an expression system of full-length PC1 and lentiviral knockdown of individual BBS genes, we further report that PC1 interacts with four of the seven components of the BBSome and that the ciliary localization of PC1 can be regulated by specific components of the BBSome. We found that BBS1, a major BBS gene, is important for the efficient delivery of PC1 to cilia but not to plasma membrane. Re-expression of the wild-type but not a pathogenic mutant BBS1 rescues PC1 ciliary trafficking. Expression of a pathogenic dominant-negative mutant form of BBS3 also affects PC1 ciliary localization. Since both ADPKD and BBS patients develop renal cysts, our data suggest that physical interactions between PC1 and BBS proteins may underline the overlapping renal phenotypes in BBS and ADPKD.
RESULTS

BBS8 and three other subunits of the BBSome interact with PC1
To identify the interaction network of PC1, we screened a human fetal kidney library using a yeast two-hybrid system with the 198-amino acid cytoplasmic tail (4106 -4303) of human PC1 as a bait. BBS8, the first BBS protein that was identified to link basal body dysfunction to the cause of BBS (37) became our immediate top candidate binding partner of human PC1. BBS8 encodes a protein with multiple tetratricopeptide repeats (TPRs) and is among the seven BBS proteins that form the BBSome complex at the basal body (8, 37) . The fragment of BBS8 isolated from the library encodes a peptide from amino acid 281 to the end of the protein, amino acid 593.
To confirm this interaction in mammalian cells, we performed co-immunoprecipitation in HEK293 cells transfected with both myc-tagged BBS8 and HA-tagged PC1 C-terminal cytoplasmic tail (PC1-CTT). BBS8 was co-immunoprecipitated with PC1-CTT in these cells (Fig. 1A) . In contrast, in HEK293 cell lysate transfected with BBS8 alone, no BBS8 was precipitated by the anti-HA antibody, indicating the specificity of the BBS8-PC1-CTT interaction.
To determine whether other subunits of the BBSome complex are able to bind PC1, glutathione S-transferase (GST) pull-down experiments were performed using GST-PC1-CTT fusion protein and 293T cell lysates transfected with each of the seven BBS proteins comprising the BBSome (BBS1, 2, 4, 5, 7 and 9) as well as BBS3/Arl6, the small GTPase critical for BBSome function. Interestingly, in addition to BBS8, the PC1-CTT also interacts with BBS1, 4 and 5 (Fig. 1B) .
Establishment of a cell model for studying the ciliary trafficking of PC1
The physical association between PC1 and subunits of the BBSome prompted us to explore the functional consequence GST and PC1 C-tail fused with GST (GST-PC1-CTT) beads were used to pull down each of the seven subunits of the BBSome plus BBS3 expressed in HEK293 cells. One-twentieth of cell lysates were used as an input for each pull-down assay. BBS proteins were blotted with an antibody against HA. (C) Blots were also probed with an antibody against GST. The amount of BBS proteins captured by GST-PC1-CTT and inputs were quantified by Image J software and the percentage of captured protein versus input was plot with BBS1 set to 100%.
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Human Molecular Genetics, 2014, Vol. 23, No. 20 of this interaction. BBSome complex is implicated in the import of several seven-span GPCRs (6, 38) and the single-span leptin receptor into the cilium of mammalian cells and export of specific signaling proteins from the flagella of the Chlamydomonas reinhardtii (9) . Therefore, we aim to examine the role of BBSome components in the ciliary localization of PC1 which is known to have 11 transmembrane domains. We made a set of N-terminally and/or C-terminally tagged full-length mouse PC1 constructs (Supplementary Material, Fig. S1A ). We inserted enhanced yellow fluorescent protein (YFP) after the first 34 residues downstream from the predicted signal peptide, and/or a triple HA tag, an AviTag or an enhanced green fluorescent protein (eGFP) to the C-terminus of full-length PC1. The expression of YFP-PC1 constructs is readily visualized using fluorescence microscopy in HEK293 cells ( The ciliary localization of PC1 is affected by lack of BBS1, but not BBS5, BBS8 or BBS4
We then attempted to deplete BBS1, 4, 5 and 8, the BBSome subunits that were pulled down by PC1-CTT in IMCD3 cells by lentiviral shRNA. With the exception of BBS4, we were able to achieve . ). Because none of the five target sites for BBS4 achieved sufficient knockdown efficiency, we used previously published primary BBS4 knockout mouse kidney tubular epithelial cells (2) . We found that in the scrambled control cells, 83% ciliated cells have YFP-PC1 on the cilia ( Fig. 2A and B ). In the BBS1 knockdown cells, however, the trafficking of YFP-PC1 to cilia was severely diminished with only 40-50% of cells having YFP-PC1 on their cilia. On the contrary, depletion of BBS5 or eight in IMCD3 cells had no effect on the ciliary trafficking of YFP-PC1. The percentage of YFP-PC1-positive ciliated cells ( 90%) is comparable to that of the scrambled control cells. Surprisingly, ciliary localization of YFP-PC1 in the primary BBS4 knockout mouse kidney tubular cells was not affected.
We also examined the ciliary trafficking of PC1 in skin fibroblast cells from a patient with a homozygous BBS1 mutation (M390R). BBS1 (M390R) has been shown to have an impaired function in a mouse model (40) . In control fibroblast cells, we observed PC1 at the primary cilia in 10% of cells (Fig. 2C) . In contrast, in the fibroblast cells derived from a BBS1 patient, PC1 was confined to the basal body area.
Expression of a dominant-negative form of BBS3/Arl6 impairs PC1 localization on cilia
To assess whether BBS3/Arl6, the small GTPase critical for BBSome function, plays a role in the ciliary localization of PC1, we expressed a set of HA-tagged mouse BBS3/Arl6 constructs (wild-type, the pathogenic dominant-negative mutant T31R or constitutively active mutant Q73L) together with YFP-PC1. We found that YFP-PC1 traffics to the primary cilia along with the wild-type and the constitutively active BBS3/ Arl6 (Q73L) (Fig. 3 and Supplementary Material, Fig. S4 ). Overexpression of the dominant-negative mutant of BBS3/Arl6 (T31R) in IMCD3 cells led to stunted cilia, indicating a ciliogenesis defect. Nonetheless, the PC1 signal was absent in the cells with shorter cilia although PC1 expression in the cell body was clearly visible.
The interaction of PC1 and BBS1 is important for PC1 to traffic to the primary cilia
The GST pull-down experiment indicates that BBS1 interacts with PC1 through PC1's C-terminal tail. Therefore, we sought to investigate the role of PC1-CTT in the ciliary trafficking of PC1. For this purpose, we made a YFP-PC1 construct without the last 198-amino acid of PC1 (YFP-PC1DCTT) (Fig. 4A ) and tested its ability to interact with BBS1 by a co-immunoprecipitation assay. While YFP-PC1 co-immunoprecipitated HA-tagged BBS1, YFP-PC1DCTT failed to do so (Fig. 4B) . Additionally, YFP-PC1 also failed to co-immunoprecipitate a common pathogenic mutant of BBS1 in human BBS patients, BBS1 (R146X) (41) .
Interestingly, YFP-PC1DCTT fails to reach primary cilia when transfected to IMCD3 cells ( Fig. 4C and D) . Furthermore, the defect in PC1 trafficking to the primary cilia in BBS1 knockdown cells can be rescued by reexpressing the normal human BBS1 (Fig. 4E) , but not the truncation mutant BBS1 (R146X). Given the inability of YFP-PC1DCTT to interact with BBS1 and of YFP-PC1 to interact with BBS1 (R146X), these results suggest that the functional interaction between BBS1 and PC1 through PC1-CTT is important for the ciliary trafficking of PC1.
Trafficking of PC1 to the plasma membrane or basal body is not affected by BBS1 depletion Does PC1 accumulates in certain membrane compartments when it fails to traffic to the primary cilia? Since proteins may traffic to the cilia through either polarized targeting to the basal body or lateral diffusion from the plasma membrane (42), we examined whether BBS1 depletion leads to PC1 accumulation at these sites. Unlike CD8a-SSTR 3i3 that accumulates on the plasma membrane of cells depleted of Arl6 or BBS4 (8), there was no apparent accumulation of PC1 on either the basal body or the plasma membrane in BBS1-depleted cells ( Fig. 5A and B) .
The effect of depletion of BBS1 on the plasma membrane targeting of PC1 was also confirmed biochemically by a cell surface biotinylation assay. Cell surface biotinylation of either scrambled control or BBS1-depleted IMCD3 cells transfected The ciliary localization of endogenous PC1 is absent in skin fibroblasts from a human patient with a BBS1 M390R mutation. PC1 was stained by antibody 96521 (green). Acetylated a-tubulin (ac-a-tub, red) was used to mark cilia.
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with YFP-PC1 revealed that there is no significant reduction of cell surface PC1 in BBS1-depleted cells ( Fig. 5C and D) , suggesting that trafficking of PC1-containing vesicles destined for the plasma membrane does not rely on the presence of BBS1.
DISCUSSION
The precise mechanism by which PC1 reaches the primary cilia remains elusive. Here, we show, for the first time, through an unbiased screen using PC1 C-terminal tail as a bait, that the ADPKD protein PC1 interacts with proteins encoded by the BBS genes. Moreover, we show that the ciliary trafficking of PC1 is regulated by distinct BBS proteins (Fig. 5E ). Given the crucial importance of proper localization and function of the polycystins in normal organ physiology, our findings provide the basis for further understanding of the pleiotropic phenotype and etiology of the BBS.
The relatively large transcript of Pkd1 ( 14 kb) has hampered studies of PC1. Here, we have established an expression system of a both N-and C-terminal-tagged full-length PC1, which is useful for studying the trafficking, biosynthesis and function of full-length PC1 in renal epithelial cells. We found both the N-and C-termini of PC1 on the primary cilia. PC1 was proposed to undergo notch-like cleavage event in which a small C-terminal tail is released (43, 44) . Together with the critical role of PC1-CTT in its ciliary trafficking, our data suggest that either the large portion of PC1 is not cleaved or the cleavage of PC1 at its C-terminus occurs after reaching the primary cilia.
Data presented here suggest a role of BBSome in the import of PC1 to the primary cilia rather than export of PC1 out of the primary cilia since PC1 is reduced, not accumulated at the primary cilia of IMCD3 cells when BBSome function is lost.
Interestingly, however, that the impaired PC1 trafficking to the primary cilia is seen only in the BBS1 knockdown, but not in the BBS5 and BBS8 knockdown or the BBS4 knockout epithelial cells. There are a total of 19 (45) genes whose mutations cause BBS. BBS1 is one of the three major BBS genes mutated in 20-30% of postnatal BBS cases (46) . One possibility is that BBS1 may have a distinct role from other BBSome subunits so that the interaction between PC1 and BBS1 is the most critical contributing factor in the ciliary localization of PC1. Unique functions of different BBS genes have been proposed due to the fact that phenotypic differences or variability are often observed among different BBS mutant mice or patients (47) . Our data are also consistent with a BBSome assembly model in which depletion of BBS1, 2, 7 and 9 have the most prominent effect on the assembly of the BBSome complex while depletion of BBS4, 5 and 8 had minor or no impact in retinal pigment epithelial cells (48) . A recent report suggests that BBS2, 7 and 9 form the core components of the BBSome while BBS1, 4, 5 and 8 are added as the periphery subunits (49) . PC1 interacts only with the peripheral subunits as shown in this study. BBS4 and BBS8 are primarily composed of multiple protein -protein interaction motifs, namely the TPRs, which form a solenoid structure (8) . Since BBS8 was fished out from a yeast two-hybrid screen using PC1-CTT as a bait, the PC1-BBS8 or the PC1-BBS4 interaction is likely direct, probably mediated by the TPR motifs. BBS1 and BBS5 are structurally distinct from BBS4 and BBS8. In our pull-down assays, PC1 C-tail appears to interact with BBS1 as strongly as with BBS8 (Fig. 1B) . The interaction of PC1 with BBS1 was also confirmed by co-immunoprecipitations (Fig. 4B) . Given the potential redundant nature of the interaction of PC1 with different BBSome subunits, we believe that in the absence of certain BBSome subunits such as BBS4, 5 or 8, the remaining BBSome complex may preserve sufficient activity for targeting PC1 to the cilia. A recent report showed that in the absence of BBS7, a BBSome subcomplex still forms and the ciliary trafficking of the polycystins appears to be grossly normal and potentially functional (47) also supports our hypothesis.
BBS1 mediates the interaction of the BBSome with Rabin8 (5) and has been proposed to be the cargo recognition subunit of the BBSome for the ciliary entry of the single-span leptin receptor (7). Given only BBS1 depletion affects the ciliary trafficking of PC1, it is also possible that BBS1 plays a crucial role in the Human
recognition of PC1 as a BBSome cargo and therefore the subsequent delivery of PC1 to the cilia. Cargo recognition by BBS1 may be mediated by the C-terminal cytoplasmic tail of PC1 since deletion of this fragment also results in failure of PC1 trafficking to the cilia (Fig. 5F) . Similarly, the third intracellular loop of seven-span somatostatin receptor 3 (SSTR3) possesses a ciliatargeting sequence whose recognition by the BBSome is critical for the localization of SSTR3 to cilia (8) .
Experiments with BBS3/Arl6 provide additional support for the regulation of the ciliary localization of PC1 by another BBSome protein (Fig. 5F ). An elegant study by Jin et al. (8) showed that the GTP-bound form of BBS3/Arl6 is critical for recruiting the polymerized BBSome to lipid vesicles as a coat and for targeting the BBSome to cilia, but not for the assembly of the BBSome. In this study, we showed that overproduction of the GTP-binding competent wild-type BBS3 or the constitutively active form of BBS3 (Q73L) was capable of accompanying PC1 trafficking to cilia efficiently. Overexpression of BBS3 T31R, a GDP-locked, dominant-negative pathogenic mutant found in a human BBS patient, however, results in stunt cilia in IMCD3 cells and failure of PC1 to traffic to the cilia. Notably, BBS3/Arl6 interacts most efficiently with the BBS1 subunit of the BBSome through binding to the N-terminus of BBS1 (8) .
The clinical phenotype of BBS patients is highly variable, even between siblings with the same mutations (50) . Moreover, the spectrum of BBS phenotype may overlap with other clinically and genetically distinct ciliopathies (50) . Multiple allelic interactions between BBS loci or BBS loci with other ciliopathy genes have been shown to contribute to the variability in clinical expression of BBS mutations (41, 51) . Although here we found that only deficiency of BBS1 and BBS3 impaired PC1 ciliary trafficking, it would not be surprising if multiallelic BBS genes or in combination with other ciliopathic alleles affect the ciliary trafficking and/or function of polycystins and consequently lead to polycystin-related phenotypes such as renal cysts.
Proteins may accumulate at certain location when they fail to traffic to its destination (7, 8) . In our experiments, however, we could not observe discernable increase of YFP-PC1 signal at the basal body, plasma membrane or other sites examined (data not shown) in BBS1 knockdown cells. Because the ciliary membrane only represents a tiny portion of the massive plasma membrane of IMCD3 cells, the absence of PC1 from cilia may not result in a prominent increase in PC1 signal intensity in the plasma or other organelle membranes. The normal plasma membrane distribution of PC1 in BBS1-depleted cells suggests, that PC1-containing vesicles are able to bud from the trans-Golgi network (TGN), dock and fuse to the plasma membrane under these conditions. It has recently been shown that Smoothened moves through a novel lateral transport pathway from the plasma membrane to the ciliary membrane (52) . With our current data, we cannot distinguish the possibilities that the BBSome complex transports PC1-containing cargos residing in the plasma membrane to the primary cilia or directly to from the TGN to the periciliary membrane in renal epithelial cells.
In summary, we demonstrate that the ADPKD protein PC1, an 11-span atypical GPCR, targets to the primary cilia in a BBSome-dependent manner. The interaction of PC1 with BBS1 is a critical step for efficiently transporting PC1-containing vesicles to the primary cilia. This presents an interesting interplay between the critical players underlying the two genotypically distinct but partially phenotypically overlapping genetic diseases. PC1 is also present on the primary cilia of endothelial cells where it mediates mechanosensation and nitric oxide release (53) . It is likely that a subset of phenotypes observed in BBS patients such as kidney cysts and hypertension result from mistargeted PC1. Our data also provide novel understanding of the signaling pathways controlled by the BBSome.
MATERIALS AND METHODS
Cell culture and shRNA knockdown
Mouse inner medullary collecting duct cells (mIMCD3) were purchased from ATCC (CRL-2123) and cultured in DMEM/ F12 50/50 supplemented with 10% fetal bovine serum (FBS). HEK293 and 293EBNA cells were cultured in Dulbecco's modified Eagle's medium (DMEM) complemented with 10% FBS. Human skin fibroblast control and M390R cells (provided by Dr Beales) were cultured in DMEM supplemented with 10% FBS. Plasmids containing five target sites against each gene were purchased from Sigma. Lentiviral particles were assembled in 293EBNA cells following manufactory's instructions. IMCD3 cells were infected with viruses overnight followed by selection with puromycin at a concentration of 2 mg/ml. Knockdown efficiency in stable cells were tested by quantitative RT-PCR or western blotting. ShRNA target sequences from Sigma found to be effective in this study are: BBS1 (TRCN0000252354 and TRCN0000252355), BBS5 (TRCN0000248514 and TRCN0000 248517) and BBS8 (TRCN0000113210 and TRCN0000113212).
For analysis of ciliogenesis, cells were seeded at 70% confluence and starved for 48 h in DMEM/F12 media containing 0.5% FBS after reaching confluence. For analysis of ciliary trafficking of PC1, cells were seeded at 60% confluence and transiently transfected with various constructs overnight. Cells were then serum starved in DMEM/F12 media containing 0.5% FBS for 48 h.
Plasmids and antibodies
Human PC1 C-terminal tail (PC1-CTT) fragment encoding 198 amino acids was PCR amplified from human kidney cDNAs and inserted into pACT2 to create pACT2-hCTT bait plasmid. This fragment was also inserted to pGEX-4T-1 to create pGEX-hCTT construct for production of GST-PC1-CTT fusion protein in bacteria. The myc-tagged BBS8 was a gift provided by Dr Nicholas Katsanis at Duke University. The HA-tagged BBS1, 2, 3, 4, 5, 8 and 9 were generous gifts from Dr Val Sheffield at University of Iowa. The HA-tagged truncated BBS1(R146X) was created from HA-BBS1 by PCR mutagenesis. The mouse BBS3 was amplified from mouse kidney cDNA and cloned into pcDNA3. 1-HA vector to create HA-tagged BBS3 (pcDNA3.1-BBS3-HA). T31R and Q73L point mutation was introduced to pcDNA3.1-BBS3-HA by PCR mutagenesis. To generate YFP-PC1, the open reading frame of YFP was inserted into the mouse Pkd1 cDNA construct immediately after the first 34 amino acids by recombinant PCR in a tetracycline-inducible expression plasmid (pcDNA4.1, Invitrogen). YFP-PC1DCTT was created from YFP-PC1 by deleting the last 198 amino acids
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Human Molecular Genetics, 2014, Vol. 23, No. 20 of PC1 C-terminus. The sequences of all constructs generated in this study have been confirmed by DNA sequencing analyses. Primary antibodies used were: anti-GFP rabbit polyclonal (Abcam) 1:20 000; anti-GFP mouse monoclonal (Covance) 1:1000 dilution, anti-HA rat monoclonal 3F10 (Roche) 1:1000 dilution; anti-HA mouse monoclonal 12CA5 (Roche) 1:100 dilution; anti-myc mouse monoclonal 9e10 (Invitrogen) 1:1000 dilution; anti-g-tubulin (Sigma) mouse monoclonal 1:2000 dilution; anti-acetylated a-tubulin mouse monoclonal (Sigma) 1:50 000 dilution; anti-PC1 rabbit polyclonal 96521 (15) 1:500 and anti-PC1 mouse monoclonal 7e12 (Santa Cruz) 1:2000, anti-BBS8 rabbit polyclonal (Santa Cruz) 1:500 dilution.
Immunostaining and immunofluorescence microscopy
For microscopic analyses, cultured cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X and blocked with 5% bovine serum albumin. Permeabilized cells were then stained with desired primary antibodies for 1 h at room temperature or overnight at 48C. After thorough washing, secondary antibodies with appropriate labeling were added for another hour of incubation. Slides were mounted with ProLong w Gold Antifade Reagent with or without 4 ′ ,6-diamidino-2-phenylindole (DAPI). For live cell staining, cells were first rinsed twice with phosphate buffered saline (PBS) and incubated with GFP antibody on ice. After 1 h, cells were washed, fixed with 4% paraformaldehyde and continued with regular staining protocol mentioned above.
Fluorescent images were acquired with a Nikon-1000 epifluorescence microscope (Nikon, Tokyo, Japan). All images in the same set of experiment were taken with identical conditions and subjected to brightness or contrast adjustment equally in Photoshop.
Yeast two-hybrid screening
Yeast two-hybrid was performed using Clontech MATCH-MAKER III yeast two-hybrid system according to the manufacturer's instructions. The bait plasmid pACT2-hCTT was transformed to yeast strain AH109 first, and a human fetal kidney cDNA library from Invitrogen was transformed to AH109/pACT2-hCTT. Colonies formed were selected on highstringency plates SD/-Ade/-His/-Leu/-Trp/X-a-Gal. Plasmids were recovered from positive clones and sent for DNA sequencing.
Co-immunoprecipitation
HEK293 cells transfected with various constructs were homogenized with M-PER (Pierce) containing protease inhibitors (Roche) and 1 mM DTT. For co-immunoprecipitation, 2 -4 mg of the cell lysates were incubated with either 2-4 mg antibodies or an equal amount of normal IgG with gentle rocking overnight at 48C. Protein A Sepharose beads (Invitrogen) were added and incubated for another 2 h at 48C. The washed beads were solubilized in an equal volume of 2× sodium dodecyl sulfate (SDS) sample buffer, and proteins were eluted by boiling for 5 min and analyzed by western blotting. One-tenth to 1/20th of lysates were used as inputs, unless otherwise indicated.
GST pull-down assay
GST and the GST fusion proteins were generated as previously described (54) . For GST pull-down analysis, 500 mg of 293 T-cell lysates expressing different HA-tagged BBS proteins were incubated with purified GST fusion proteins immobilized on glutathione -Sepharose beads (Amersham Pharmacia Biotech) at 48C overnight. The beads were centrifuged and were washed three times with ice-cold PBS washing buffer containing 1% NP-40. The washed beads were solubilized in an equal volume of 2× SDS sample buffer, and proteins eluted by boiling for 5 min and analyzed by western blotting. One-twentieth of lysates were used as inputs, unless otherwise indicated.
Surface biotinylation assay
Surface biotinylation assay was performed as previously described with some modifications (55) . Cells were transfected overnight and serum starved for 24 h after reaching confluence. Cell surface proteins were then labeled in cell suspension at room temperature with 0.5 mg/ml of NHS-PEG4-Biotin (Thermo Scientific) for 30 min. Cells are lysed in radioimmunoprecipitation buffer, and biotinylated proteins were pulled down by streptavidin beads. Beads were eluted with 2 mM free D-biotin (Pierce), and eluted samples were resolved on 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis for subsequently analysis.
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